Objectives-To determine (a) reproducibility with previous cross sectional findings, and (b) the predictive value of initial release of tumour necrosis factor-a (TNF-a) towards later progression of coalworkers' pneumoconiosis (CWP 
Pulmonary fibrosis should be looked upon as a pathological process dependent upon many cell types, in which alveolar macrophages, lung epithelium, fibroblasts, type II cells, polymorphonuclear leucocytes, and many other cells are involved.' 2 These cells are known to produce various factors (reactive oxygen species, cytokines, enzymes, etc) that are thought to be crucial mediators of the hallmarks of pulmonary fibrosis: excessive fibroblast proliferation and collagen deposition. 23 Mediators that have been put forward, mostly from animal studies, are: platelet derived growth factor-fl (PDGF-I), tumour necrosis factor-a (TNF-a), Interleukin-lf and Interleukin-6 (IL-lifl, , and prostaglandin-E, (PGE,) in asbestosis,45 or TNF-a, IL-1, and the macrophage inflammatory proteins la and 2 (MIP-la, MIP-2) in silicosis.69
The potential of many of these cell mediators as markers of exposure, disease susceptibility, or effects has been raised many times, but studies on the relations between exposure, disease, and cytokine release in occupationally or environmentally exposed subjects are scarce.
In 1987 several case-control studies among coal miners were performed in our laboratory to look for a marker to explain disease among exposed miners with and without coal workers' pneumoconiosis (CWP), The serum concentration of procollagen type III peptide (PIIIP) was measured to assess fibrotic activity v pneumoconiotic stage.10 Another study focused on the relation between CWP and antioxidant expression.11 The in vitro secretion of TNF-a by peripheral blood monocytes"2 of healthy miners and miners with coal miners' pneumoconiosis,"2 matched on age and underground working years, showed that the release of TNF-a in monocytes could be stimulated in vitro by coal mine dust, and that (healthy) coal miners had a higher release of monocyte TNF-a upon in vitro stimulation than did controls who were not exposed to dust. Moreover, a decreasing trend in release of TNF-a was seen along with the clinical progression of CWP possibly as a positive feedback mechanism to prevent concentration of fibrosis, and in healthy miners (0/0) and miners with early stages of CWP (0/1) a large variation in the TNF-a released was found.
We then suggested that people who showed values largely exceeding the normal range of the controls who were not exposed to dust, were at risk of development of CWP and concluded that "definitive proof for the role of mononuclear phagocyte-derived TNF in the pathogenesis of CWP and other fibrotic lung diseases has to originate from laboratory animal studies and prospective epidemiological surveys among those at risk".'2 Several years ago, Piguet and coworkers showed the crucial role of TNF-a in fibrosis induced by silica with a mouse in vivo model. Since then other studies have firmly established the importance of TNF-a in lung fibrosis induced by silica.78 13 Also in vitro studies have emphasised the involvement of TNF-a in the complex cytokine network of lung tissue.1 5 1415 Lasalle and coworkers reported an increased spontaneous release of TNF-a by alveolar macrophages of active healthy coal miners and miners with CWP compared with controls. ' 6 The importance of these findings for the prevention of lung fibrosis induced by mineral dust remains an open question. In 1992 all miners involved in our cross sectional studies were recruited for a five year follow up to investigate whether our previous cross sectional findings on release of TNF-a in subjects exposed to dust and disease stage of CWP could be validated, and to determine the relative risk of development of CWP for coal miners who showed high in vitro release of TNF-a. Years exposed, first exposure, and last exposure Years exposed, time since first exposure, and time elapsed since last occupational exposure were determined from the medical file and a personal interview at follow up. Exposure years were determined from the complete job history obtained from each subject and defined as the total number of years in which a subject worked underground in a coal mine. Long term absenteeism-for example, for disease or through special leave-as well as interim job changes were taken into account. Years since first exposure were defined as the interval between the year in which a miner started working underground and the time of our study. Time from last exposure was the interval between retirement and our follow up in months.
Methods
Calculation of cumulative dust exposure Occupation history, gathered from the medical file and verified by a personal interview, was used to calculate exposure for all periods worked at and out of the coalfaces. The cumulative dust exposure was calculated by summation of the products of the yearly mean dust concentrations for the colliery where the miner was appointed with the average time worked underground during that year.
The formula was: n Ex = ; (C; . TJ (gh/m3) . The time worked underground was estimated for each subject assuming that on average 1000 hours a year were worked underground: six hours at work a shift (allowance being made for travelling time)
x 220 shifts a year x (100-25)/100 (where 25% is taken as the rate of absenteeism). The exposure outside the coal face was estimated on the basis of professional judgement of the "dustiness" of the occupation and the knowledge of normal respirable dust levels in that job (non-mechanised and mechanised headings, stone drivages, etc). The cumulative quartz exposure (mgh/m3) has been estimated, based on the average quartz content of Belgian coal faces (5%) and stone drivage dust (10%).
RADIOGRAPHY Protocol and classification
Chest radiographs (46 x 46 cm) were taken posterior to anterior at maximal inspiration (1-5 m distance, 70 kV) and scored according to the ILO criteria.'7 Scoring was done in plenary sessions where consensus had to be reached based on individual scores. The reading panel consisted of three occupational physicians of whom two were seeing more than 3000 chest radiographs a year, and one is a trained reader but had not been active as such for the past three years. Two readers in our follow up study had been involved with the original study. Standard ILO chest radiographs were used as reference to classification. Based on the ILO scores the cohort was subdivided into five groups: ILO classification 0/0 (group 0), class 0/1 (group 1), classes 1/0, 1/1, and 1/2 (group 2), classes 2/1, 2/2, and 2/3 (group 3), classes 3/2 and 3/3 (group 4), and finally 3/+ and subjects with progressive massive fibrosis (group 5). Furthermore miners were grouped as either "healthy coal workers" with ILO classification of 0/0 (group 0 only) or as miners with evidence for CWP with ILO classification of > 0/1 (groups 1 to 5 in 1992 (n = 29) v the control group of 1987 (n = 12). Other (unpaired) differences were not found. Despite these differences in absolute values between the studies, the 1992 cross sectional comparison of release of TNF-a between controls not exposed to dust, control miners, and miners with CWP confirmed our previous findings (fig 2) . Again, release of TNF-a in the controls not exposed to dust was significantly lower than in the control miners upon stimulation with a high concentration of endotoxin (1000 ng/ml) and stimulation with silica. At present also release of TNF-a in the controls not exposed to dust was significantly lower than in the control miners and miners with CWP upon stimulation with coal mine dust (Mann-Whitney U test P < 0 05). Contrary to previous findings, however, none of the stimuli resulted in significant differences in release of TNF-a between miners with or without CWP; moreover the spontaneous release of TNF-a was significantly higher in controls not exposed to dust v both miners' groups (Mann-Whitney, P < 0-01).
TNF-a and profusion score Figure 3 shows the individual TNF-a data for the total follow up group (n = 104) upon stimulation with coal mine dust as a function of profusion score. As previously,'2 a large variation in response to TNF-a upon stimulation with coal mine dust was found in healthy miners. In miners in the early stages of CWP, release of TNF-a was significantly increased and a decrease in release of TNF-a was found along with the increasing stage of CWP that seems to continue in progressive massive fibrosis. Spearman rank correlation tests showed a significant downward trend in release of TNF-a with increasing profusion score starting from the ILO score 0/1, upon stimulation with coal mine dust (n = 28, r =-0-41, P < 0-05), silica (n = 28, r = -0-39, P < 0 05) and to a lesser degree with a low concentration of endotoxin (3 ng/ml, n = 28, r =-0-32, P < 0. 1). In the HRCT subgroup (n = 46) a downward trend of release of TNF-a was also found with increasing visual score of lesions in miners starting from ILO class 0/1; however, this trend did not reach significance for any stimulus (n = 13, and there had been no occupational exposure for at least four years in half of our miners and for at least two years in more than 85% of our miners. No selective loss to follow up from active mining had taken place (table 3) . The mean (SD) age of retirement in our total follow up group (n = 104) was 44-7 (5 1). Despite retirement a significant proportion of the cohort (n = 104) showed progression of CWP. Based on the paired readings of the chest radiographs, it was shown that during this five year follow up period four out of 80 healthy coal miners contracted CWP (5%), and that in 11 cases existing CWP progressed (46%). In two miners progressive massive fibrosis was established (3/2rA and 2/3rA). From the miners of the original TNF-a study who were involved in the follow up study (n = 40), one out of 30 control miners developed new CWP, and five out of 10 miners had progression of already existing CWP. Longitudinal analysis of TNF-a in the follow up group In the TNF-a follow up group, paired tests of the individual data of 1987 and 1992 (n = 40), showed significant differences in spontaneous release of TNF-a, release of TNF-a upon stimulation with a low concentration of endotoxin and with coal dust (P < 0 05). Significant correlations between the TNF-a data of 1987 and 1992 were found upon stimulation with coal mine dust (r = 0 44, P < 0-01) or a low dose of endotoxin (r = 0 35, P < 0-05). These correlations were also significant in the miners without CWP (n = 28, P < 0-01, r = 0.49), and in all subjects (control miners and miners with CWP) without progression during the five year follow up (n = 33, P < 0-05, r = 0-43) for stimulated release of TNF-a with coal dust as well as with 3 ng/ml endotoxin (data not shown).
Upon stimulation with 1000 ng/ml endotoxin no significant correlation was found in the whole TNF-a follow up group, but interestingly, a significant relation was found only in the six miners with five year progression of CWP (n = 6, P < 0-05, r = 0-89). Correlations in the spontaneous release of TNF-a or the release upon stimulation with silica were not found in any subgroup. The area under the curve was 44% for spontaneous release of TNF-a, 55% for release of TNF-a upon stimulation with 3 ng/ml endotoxin, and 74% for release of TNF-a upon stimulation with coal dust.
was 3-72 (significant at a 90% CI), with the mean cumulative exposure (100 gh/M3n) as a cut off for high and low exposure. In the TNF-a follow up subgroup (n = 40), cumulative exposure was also significantly related to progression at various cut off levels. Figure 4 shows both these observations and that all but one miner who showed progression (or development) of pneumoconiosis between 1987 and 1992 originally had a release of TNF-a that exceeded the normal range in 1987. The relative risk of progression in CWP for miners who showed abnormal in vitro release of TNF-a was 8-1 (90% CI 1-2-55-0), with the cut off for dust stimulated TNF-a of 2 SDs above the mean of controls not exposed to dust. To determine sensitivity and specificity at any cut off point of TNF-a upon the different in vitro stimuli, ROC curves were calculated.22 Figure 5 shows ROC curves for spontaneous release of TNF-a and for release of TNF-a upon stimulation with 3 ng/ml endotoxin and coal dust. The strongest association between high TNF-a and progression was found for release of TNF-a stimulated by dust, with an area under the curve (AUC) of 74%. No clear associations were found in all other options (44% < AUC < 55%). The findings of our follow up study among Figure 4 Graphical illustration of the relative rskf retired coal workers lend support for an miners with high (> mean + 2SDs) release of TNF-a essential role of TNF-a in the genesis of (1987) and high (> mean) cumulative exposure to dust in pulmonary fibrosis induced by mineral dusts the progression of CWP compared with all miners involved in general,' 5-8 14 15 and CWP in particular. 12 16 23 24 in the TNF-a follow up study (n = 40). Note that no correlation is present between TNF-a and exposure (r2 = Moreover this study shows that, when care- TNF-a upon stimulation with coal dust are at (l Il higher risk of developing or progression of CWP. Although to test this hypothesis only analysis of the relation of the original TNF-a concentrations with prospective changes in CWP was needed: TNF-a was also measured in the present study and several other aspects were included. This also allowed us to test the possible feedback mechanisms in the progression of CWP, as already suggested, the reproducibility of the assay and cross sectional results, and effects of the end of occupational exposure (retirement). Individual exposure assessment and HRCT screening, both mainly focused on miners with normal chest radiographs, were included to investigate (or exclude) the role of in vitro stimulated release of TNF-a as a marker of exposure or as a marker of early (fibrotic) effects.
Cross sectional findings in the present study were similar to those of the original study.' Although significant differences in absolute TNF-a concentrations were found, release of TNF-a upon stimulation with coal dust and the low concentration of endotoxin in 1987 and 1992 were significantly correlated. This relation was present in the entire follow up group, as well as in all subjects without progression of CWP. Interestingly, TNF-a concentrations were not correlated in miners with progression of CWP, except for TNF-a released upon stimulation with a high concentration of endotoxin (n = 6). This suggests a feedback on release of TNF-a during active fibrosis. In contrast with our previous observations, no significant differences in TNF-a were found between miners with and miners without CWP, and the spontaneous release of TNF-a was significantly higher in the nonexposed controls. Both changes are likely to be due to the retirement of the miners in our present study-that is, a reduced in vivo stimulation or priming. This is supported by the results of Lasalle et al in active and retired miners. These authors found that baseline release of TNF-a in alveolar macrophages was significantly higher in active miners. '6 We therefore suggest that serum concentrations of TNF-a and baseline (spontaneous) release from monocytes or alveolar macrophages reflect an acute response to inhaled dusts, whereas the in vitro release by monocytes in peripheral blood shows the chronic adaptation of a subject. In our study such an adaptation may be due both to long term (and subsequent end of) exposure to coal dust and the effect of early pathogenic processes. Evidence for the involvement of exposure is the large variation in release of monocyte TNF-a in miners v controls. The role of early disease also seems evident, considering that the highest release of TNF-a was found in miners in the early stages of CWP.
Although release of TNF-a was highest in the early stages of CWP according to chest radiographs, HRCT analysis showed that release of TNF-a by men within this category was not related to the number of lesions found by HRCT. Therefore, the variation in in vitro release of TNF-a, the basis of evaluation of this biomarker, is unlikely to be biased by early fibrotic processes. Also all evidence that could show that TNF-a is an exposure marker is negative; no was the best predictor of progression, whereas baseline release of TNF-a was not related to five year progression of CWP (fig 4) . Again this raises the question of priming of the monocytes by external exposure to mineral dust. Apart from our original suggestion of this phenomenon in coal miners,'2 priming of macrophages was reported by Mohr et al in rats exposed to silica8 and in asbestos workers.5 Local lung modulatory factors have been suggested in the upregulation of secretion of TNF-a by monocytes25 but also autocrine pathways may be involved in the priming of macrophages. 29 30 We think that priming of monocytes in coal miners reflects the response to chronic release of factors from the lung loaded with coal dust. Studies with alveolar monocytes, and lung tissue of coal miners'624 confirmed this hypothesis and also suggested that as well as silica other compounds in coal dust and smoking'6233' are important in the release of such factors. For example, in our study stimulated release of TNF-a was lower in miners who smoked, whereas the baseline response tended to be higher in non-smokers. Several results suggested the presence of feedback mechanisms that counteract the processes (dust exposure, smoking, and inflammatory response) that upregulate release of TNF-a from monocytes. Previously, and at follow up, we noted a downward trend of stimulated release of TNF-a as CWP stage increased. Moreover, in 1992 release of TNFa was not such a good predictor of progression of CWP as it was in 1987. Also correlations between assays in 1987 and 1992 were only significant in miners without progression of CWP and not in miners whose disease had progressed. We could not test the possible effect of feedback on TNF-a as a marker of progression of CWP in our cohort because only retired miners were involved. Therefore, we are not able to discriminate between the effects of stopping exposure and failure of feedback as determinants of monocyte release of TNF-a. This remains an interesting subject for future investigations in a larger cohort of active miners.
In conclusion, our data add in vivo human evidence to the already existing in vitro and animal data that TNF-a is a crucial mediator in lung disease induced by mineral dust. It is appreciated that the size, original selection, and follow up interval of our cohort could limit the significance of our findings. The original study had a case-control design matched for age and exposure to investigate the involvement of TNF-a in CWP. To reach an acceptable response and statistical power (cases with progression), the cohort had to be supplemented with other miners, screened by us for different purposes in the same year. Nevertheless, the reproducibility of cross sectional findings was excellent. Moreover, we
showed that TNF-a data are not biased by either exposure or stage of disease and showed a high relative risk of high release of TNF-a at equal exposures and radiological outcomes. Its specificity as a marker is shown by the fact that none of the subjects with a normal release of TNF-a showed progression of disease. Determination of the ROCs (fig 5) showed that the significance of our findings was not solely due to the specific choice of the cut off in the present study, and allowed this marker to be applied to other cohorts of (retired) coal miners. Future follow up will increase the number of cases as the average age of our cohort is well below the current average to contract CWP2627 and can help to get a more reliable estimate of the relative risk. Other estimates can come from studies that will use this method as a tool for health surveillance in, for example, miners who leave the active work force.
